Random dot kinematograms were used to simulate radial, rotational and spiral optic flow. The stimuli were designed so that, while dot speed increased linearly with distance from the centre of the display, the density of dots remained uniform throughout their presentation. In two experiments, subjects were required to perform a temporal 2AFC speed discrimination task. Experiment 1 measured the perceived speed of a range of optic flow patterns against a rotational comparison stimulus. Radial motions were found to appear faster than rotations by approximately 10%, with a smaller but significant effect for spirals. Experiment 2 measured discrimination thresholds for pairs of similar optic flow stimuli identical in all respects except mean speed. No consistent differences were observed between the speed discrimination thresholds of radial, rotational and spiral motions and a control stimulus with the same speed profile in which motion followed fixed random trajectories. The perceived speed results are interpreted in terms of a model satisfying constraints on motion-in-depth and object rigidity, while speed discrimination appears to be based upon the pooled responses of elementary motion detectors.
Introduction
Several recent papers have reported illusions in perceived speed involving complex motion stimuli. Qian (1996, 1998) found that expanding random dot patterns appear to move faster than corresponding rotations and translations by approximately 30%, while Bex and colleagues found that the speed of radial gratings relative to translational gratings is overestimated by 20-60% (Bex and Makous, 1997; Bex, Metha & Makous, 1998) . Interestingly, the two groups proposed different interpretations of their results:
(1) Geesaman and Qian (1996) suggested that the illusory difference in perceived speed of expansions and rotations might be a perceptual correlate of a reported anisotropy in the response selectivity of neurons in the dorsal region of the primate medial superior temporal area (MSTd). MSTd neurons have consistently been found to respond preferentially to particular patterns of large-field motion such as expansions, contractions, rotations and spirals Tanaka, Fukada & Saito, 1989; Duffy & Wurtz, 1991a,b; Orban, Lagae, Verri, Raiguel, Xiao, Maes & Torre, 1992; Graziano, Anderson & Snowden, 1994; Geesaman & Andersen, 1996) . MSTd cells exhibit a continuum of preferred responses to complex motion stimuli, but the distribution of response selectivities is biased in favour of expansion (Graziano et al., 1994; Geesaman & Andersen, 1996) . Thus, a relationship between the strength of the neural response in MSTd and speed perception in optic flow stimuli might account for the illusory difference in perceived speed between expansion and rotation. We term this the neural response bias hypothesis.
(2) Bex and Makous (1997) observed that radial motion stimuli do not appear to lie flat in the plane of the display, but rather are seen to move in depth relative to the observer. Expanding stimuli are typically perceived as expanding while at the same time approaching the observer, and contracting stimuli are seen as simultaneously contracting and receding in depth. The speed of the perceived motion of the stimulus through three-dimensional space would then depend on the degree of perceived motion-in-depth as well as the actual speed of the stimulus in the plane of the display. If observers base their judgments of stimulus speed on the visual interpretation of motion in a 3-D environment, rather than its 2-D retinal projection, then the difference in perceived speed between radial and translational or rotational motion might reflect the fact that motion-in-depth is perceived with radial motions but not with rotations and translations. We term this the motion-in-depth hypothesis.
The results of Qian (1996, 1998) , Bex and Makous (1997) and Bex et al. (1998) demonstrate that perceived speed depends upon the global pattern of motion. Maps of complex motion selectivity have been reported in the superior temporal sulcus, with cortical columns of neurons preferring similar complex motions (Geesaman, Born, Anderson & Tootell, 1997) . Analysis of the distribution of preferred responses in MSTd also indicates a clustering of cells with similar selectivities (Lagae, Maes, Raiguel, Xiao & Orban, 1994) , with a strong bias toward expanding motions suggesting a role in visually-guided navigation (Graziano et al., 1994) . It has recently been reported that a large majority of MSTd neurons prefer stimuli containing a speed gradient to those in which all dots move at the same speed, strengthening the view that MSTd is involved in the analysis of optical flow (Duffy & Wurtz, 1997) . In other species, cells selective for complex patterns of motion have been reported in the lobula plate of the blowfly (Krapp & Hengstenberg, 1996) , the accessory optic system and vestibulocerebellum of the pigeon (Wylie, Bischof & Frost, 1998) and the lateral suprasylvian visual area of the cat .
Previous psychophysical studies have found evidence for the existence of specialized detectors sensitive to radial, rotational, and translational motion (Regan & Beverley, 1985; Freeman & Harris, 1992; Morrone, Burr & Vaina, 1995; Snowden & Milne, 1996 . The results of these and other experiments suggest that these specialized detectors integrate local motions to obtain a global motion percept (Watamaniuk & Sekuler, 1992; Smith, Snowden & Milne, 1994; Morrone et al., 1995) . However, studies of speed discrimination thresholds in random kinematograms (Sekuler, 1992) and sinusoidal grating stimuli (Bex et al., 1998) have shown that thresholds for expanding, rotational and linear motion are all similar. Sekuler (1992) found that summation among motion elements in expanding displays never exceeds predictions based upon simple pooling rules. On this basis, Sekuler (1992) argued that speed discrimination might be based on the pooling of unidirectional local motion signals without the need to postulate the existence of specialised complex motion detectors. Although subsequent psychophysical evidence strongly suggests the existence of global motion detectors (Morrone et al., 1995; Snowden & Milne, 1996 , it is possible that such detectors do not contribute to speed discrimination performance.
Here, we measure perceived speed and speed discrimination thresholds for a range of optic flows (expansions, expanding spirals, rotations, contracting spirals, and contractions), and speed discrimination thresholds for a set of speed-matched control stimuli from which the speed gradient and/or the directional information has been removed. The perceived speed experiment can be seen as an extension of those carried out by Qian (1996, 1998) to encompass a wider range of optic flow stimuli, while the speed discrimination experiment expands upon the work of Sekuler (1992) . While Bex et al. (1998) investigated perceived speeds and speed discrimination thresholds for radial and rotational grating stimuli, ours is the first study using stimuli containing radial speed gradients to measure both perceived speed and speed discrimination thresholds across a range of optic flows. The stimuli we use are random dot kinematograms carefully constructed to sample continuous time optic flow motions at discrete time intervals. Optic flow stimuli of different types are matched for speed such that all stimuli of the same speed contain identical radial speed gradients and polar direction gradients. A novel wraparound procedure for dots leaving the stimulus aperture ensures that dot density remains constant over area for the entire stimulus duration, thus avoiding contamination with spatial cues. Our results are compared with predictions based on: (a) the neural response bias hypothesis-distributed coding over a population of units selective to particular optic flows, but with an over-representation of expansion-selective units; (b) an elaboration of the motion-in-depth hypothesis-a model implementing simultaneous constraints on motion-in-depth and object rigidity.
General methods

Stimuli
Random dot kinematogram (RDK) stimuli were generated on a Power Macintosh 8500/120 and presented on an AppleVision 1710 monitor in a 24°diameter annular region (central 4°removed) at a 54 cm viewing distance. RDK movie sequences were generated off-line and presented with a screen resolution and refresh rate of 832× 624 pixels and 75 Hz, respectively.
Under default conditions, each RDK contained a uniform distribution of 190 (9.3 cd deg
) motion dots displayed on a low luminance (5.2 cd deg − 1 m − 2 ) gray background. At the viewing distance each dot subtended 10 min of visual angle and moved through a radial speed gradient whose mean speed could be varied between tests in a direction consistent with the type of complex motion being displayed.
The motion of the dots in the RDK was determined as though the trajectory of each dot had been first calculated in the continuous-time domain (see Appendix A). The position of each dot in each frame of the RDK was then obtained by sampling from the continuous time trajectory at discrete time intervals corresponding to the refresh time of the display. This was necessary because, in order to maintain a constant global velocity field in an optic flow stimulus, the motion of each local feature in the stimulus must accelerate. For example, in a pattern expanding at a constant velocity, each feature accelerates centrifugally such that its speed is proportional to its distance from the focus of expansion. In a pattern rotating at a constant angular velocity, the speed of each feature remains constant over time but its direction of motion changes such that it accelerates centripetally. To represent the motion of an accelerating dot between a pair of discrete frames, it is not sufficient simply to calculate the velocity of the dot corresponding to its position in the first frame and to multiply this by the time between frames. To do so implicitly assumes that the velocity of the dot between frames is constant, not accelerating. Thus, we calculated dot positions by sampling from continuous-time trajectories in which the dots were accelerating at all times. In this way we were able to match the speeds of different types of complex motion stimuli precisely.
The experimental tasks controlled for timing-based discrimination by including stimulus duration uncertainties which were proportional to and centered around the nominal stimulus duration. Uncertainties in the stimulus duration spanned a frame count which was 1/6 of the nominal stimulus duration (33 9 3 frames; 440940 ms).
To promote a global discrimination task, motion discrimination based on the trajectories of single dots was reduced by assigning dot lifetimes of 11 frames (156 ms). Coherent stimulus flicker was minimized by uniformly distributing the initial dot ages between 1 and 11 frames. When dots exceeded the lifetime or moved beyond the aperture boundaries they were assigned new positions and trajectories consistent with the optic flow type and the maintenance of a constant dot density over the stimulus.
Details of the trajectory calculations and constant density wraparound procedure are given in Appendix A.
Procedure
In both experiments, subjects performed a temporal two-alternative, forced-choice speed discrimination task on a constant set of optic flow stimuli. The experiments were conducted in a darkened room. Prior to the start of each test, subjects adapted for 10 s to the background display in the low luminance environment. After adaptation, pairs of stimuli were presented for 4409 40 ms with a 500 ms interstimulus interval while subjects fixated on a small square placed at the center of the stimulus aperture. An auditory cue preceded each stimulus. Subsequent to the presentation of each stimulus pair, subjects were required to discriminate the speed of the two stimuli by pressing a button which corresponded to the faster stimulus.
During testing, optical flow stimuli of different types were interleaved to minimize the build-up of adaptation to specific complex motions (expansion, contraction, rotation, etc.) . Within each experimental trial, each stimulus pair from the interleaved set was presented a fixed number of times (eight for Experiment 1; 16 for Experiment 2). For each test condition, percent correct values were calculated for the stimulus pairs in each trial and used to plot psychometric functions for each optic flow type.
Obser6ers
A total of three subjects participated in the experimental tasks. All had normal or corrected-to-normal vision. Two authors of this study, CC and SB, were experienced psychophysical observers. A first-time psychophysical observer naïve to the purposes of the study, CL, was tested on the perceived speed task.
Experiment 1
Percei6ed speed of complex motion
The purpose of Experiment 1 was to measure the perceived speeds of a range of optic flow stimuli. Subjects performed a temporal 2AFC speed discrimination. Rotational motion at a mean speed of 21.3 deg s − 1 was chosen as the comparison stimulus. The comparison stimulus was always presented before the test stimulus in each pair, but the direction of rotation of the comparison stimulus was randomised from stimulus pair to stimulus pair. The test stimuli used were expansions, contractions, expanding spirals, contracting spirals, and rotations. The speed of the test stimulus was varied between9 35% of the speed of the comparison stimulus. A logistic function was fitted to the data from each trial for each type of complex motion using a non-linear least squares procedure, and the 50% point of the fitted function was taken as a measure of the perceived speed of the test stimulus relative to the rotational comparison stimulus. This procedure was repeated at least six times for each complex motion, and the mean 50% point and its associated standard error calculated. Data presented in terms of the magnitude of the perceived speed illusion are shown in Fig. 1 . The magnitude of the perceived speed illusion is calculated as the amount by which the speed of the rotational comparison stimulus exceeds the speed of the test stimulus at the point of subjective equality. For all subjects the magnitude of the perceived speed illusion for all radial and spiral motions was significantly greater than zero (P B 0.001), while for the rotational test stimuli the magnitude was always within one standard error of zero. A two-way analysis of variance was used to examine whether there were significant differences in perceived speed between: (1) expanding motions (expansions and expanding spirals) and contracting motions (contractions and contracting spirals); (2) radial motions and spirals. The ANOVA reveals that expanding motions were perceived as significantly faster than contracting motions by subjects CC and CL, but not by SB (CC: F 1 =13.47, PB 0.01; CL: F 1 =6.60, P B0.05; SB: F 1 = 0.31, P\ 0.1). While all subjects tended to perceive radial motions faster than the corresponding spirals, the difference is only statistically significant for SB (SB: F 1 = 11.62, P B0.01; CC: F 1 =2.50, P \0.1; CL: F 1 = 0.78, P \0.1). None of the subjects' data showed significant interactions between the two factors (expanding/contracting and radial/spiral). data for two subjects, CC and SB (it should be noted that the scales on the ordinates of the two plots are different). The data for both subjects shows a similar trend across the two base speeds. For expanding stimuli, there are no significant differences between the data at the two speeds. For contracting stimuli, the magnitude of the perceived speed illusion for both CC and SB decreases between the 21.3 and 6.4 deg s − 1 conditions and is not significantly different from zero for the slower contracting spirals. In all cases, as would be expected, the rotation data does not differ significantly from zero.
Experiment 2
Speed discrimination in complex motion
Speed discrimination thresholds were measured for a range of optic flow stimuli and a set of matched controls. Subjects were required to perform a temporal 2AFC speed discrimination task between stimuli undergoing similar motions. The comparison stimuli had a mean speed of 21.3 deg s − 1
. Pairs of stimuli with different motions were interleaved in a random sequence, and the order of presentation of the test and comparison stimuli was randomised from stimulus pair to stimulus pair. For each type of complex motion in each trial, a logistic function of the difference in test and comparator speeds was fitted to the percentage correct data and its 75% point taken as a measure of the discrimination threshold. This procedure was repeated several times for each complex motion, and the mean threshold and its associated standard error calculated. Speed discrimination data for two subjects, CC and SB, are presented in Fig. 3 as a percentage of the speed of the comparison stimulus for five optic flows. For both subjects, speed discrimination thresholds were approximately 4% of the baseline speed with no consistent trend as a function of stimulus type. Across stimulus types, the mean speed discrimination threshold was 3.66% for CC and 4.48% for SB, with no significant outliers.
Speed discrimination thresholds were also measured on a set of speed-matched control stimuli. In the 'random speed' controls, the speeds of the dots were randomised so that the overall distribution of speeds was the same as for the optic flow stimuli but the radial gradient in dot speed was no longer present. The direction of motion of the dots was left unchanged, and random speed expansions and contractions were generated. In the 'random direction' controls, the direction of motion of each dot was randomly assigned uniformly over the range of 0-360°but dot speed remained consistent with the speed profile in the optic flow stimuli, increasing linearly with distance from the centre. Two random direction control stimuli were generated: Random walk (RW) and fixed random trajectory (FRT). In the RW stimulus the direction of motion of each dot was randomly reassigned at each frame, while dots in the FRT stimulus moved in a single randomly selected direction for the duration of their lifetime. A random speed version of the FRT stimulus was also presented in which there was neither a speed gradient nor a pattern of directional information. Fig. 4 compares subjects' speed discrimination thresholds for radial motions with performance over a set of control stimuli. The data from both subjects shows the same trends. Speed discrimination thresholds for fixed random trajectory motion with a speed gradient are not significantly different from those for the optic flow stimuli ( 4%). Thresholds for the random speed stimuli are consistently higher than for the corresponding motions containing a radial speed gradient. Thresholds for the random walk stimuli are significantly higher (6-8%) than for the other speed gradient stimuli.
Discussion
The data from Experiment 1 show a variation in perceived speed as a function of the type of optic flow stimulus: radial and spiral motions are consistently seen as moving faster than corresponding rotations, radial motions tend to appear faster than spirals, and expand- Fig. 3 . Speed discrimination thresholds, expressed as percentage of the speed of the comparator, for subjects CC and SB over a range of optic flow stimuli. The mean dot speed in the compator stimuli was 21.3 deg s − 1 . Fig. 4 . Speed discrimination thresholds for subjects CC and SB on a set of control stimuli. For expansions and contractions, speed discrimination thresholds for 'random speed' stimuli are shown alongside thresholds for corresponding optic flow stimuli containing a radial speed gradient. In the random speed stimuli, the direction information and overall speed profile of the optic flow stimuli is conserved, but the speed gradient is removed by re-randomising the distance of each dot from the centre of the stimulus after its speed has been assigned. The two 'random direction' stimuli contain the same speed gradient as the optic flow stimuli, but dot direction is randomised. For the 'fixed random trajectory' stimulus, each dot moves in a single direction throughout its lifetime, while for the 'random walk' stimulus dot direction is randomly reassigned afresh at frame.
ing stimuli tend to be perceived as faster than corresponding contracting stimuli. Experiment 2 shows that there is no systematic effect of complex motion pattern on speed discrimination, and that removing directional information does not affect speed discrimination thresholds. What mechanisms underlie the illusory variation in perceived speed as a function of optic flow type? One possibility, put forward by Geesaman and Qian (1996) , is that it reflects the number of complex motion detectors tuned to particular types of optic flow stimuli (the neural response bias hypothesis). Another hypothesis is that the perceived speed of complex motion patterns is related to the perception of motion-in-depth (Bex & Makous, 1997; Bex et al., 1998) . We discuss these two theories below. Graziano et al. (1994) found that the preferred tunings of cells in rhesus monkey MSTd are strongly biased towards expansions. Fig. 5 shows the preferred directions of the 57 cells found by Graziano et al. (1994) to show a single peak in preferred tuning (redrawn from Zemel and Sejnowski (1998) ). If the human visual system is also biased towards expansion in the tuning of its complex motion detectors, then a simple relationship between the activity of MSTd and the perceived speed of complex motions predicts that expansions would be perceived as faster than other optic flows, while rotations and contractions would appear to move at similar rates.
The results of our Experiment 1 confirm the finding of Geesaman and Qian (1996) and Bex et al. (1998) that expansion appears faster than rotation. However, Experiment 1 also shows that contraction is perceived as significantly faster than rotations. Graziano et al. (1994) found similar numbers of MSTd cells preferentially sensitive to each direction of rotation as were tuned to contraction, so a simple relationship between complex motion detector activity and speed perception would predict little or no difference in perceived speed between contractions and rotations. In order to defend the neural response bias hypothesis, one would have to argue that the number of cells studied by Graziano et al. (1994) do not constitute a sufficiently large sample to rule out the possibility of a smaller population bias to contractions (in addition to the expansion bias), or that such a bias might be present in humans even if not in all primates. A secondary bias towards contractions in the tuning of MSTd neurons has been reported by Geesaman and Andersen (1996) , making it impossible to reject the neural response bias hypothesis on this basis, although it should be noted that in the Geesaman and Andersen (1996) study the number of cells preferring contractions is still only half the number preferring expansions.
It is interesting to note that the magnitude of the perceived speed effect we observed between expansions and rotations was consistently smaller than the 32% reported by Bex et al. (1998) . A possible reason for the difference in magnitude of the perceived speed illusion between that reported here and the Bex et al. (1998) study might be that in our Experiment 1 the rotational comparison stimulus was always presented first, rather than in a random order. However, a dependence of perceived speed judgments on stimulus order has recently been reported (Geesaman & Qian, 1998) such that the magnitude of the effect is greater when the expansion is presented after the rotation, as here. Thus it would appear that some other element of the experimental procedure must underlie the difference in reported magnitudes of the perceived speed illusion.
Does the neural response bias hypothesis make any predictions regarding our ability to discriminate the speed of complex motions? If the activity of a population of complex motion detectors in our visual system determines the perceived speed of optic flow stimuli, then this suggests that our ability to discriminate the speeds of two such stimuli will depend on the difference in the response they generate. We might, then, expect to be better at discriminating motions which strongly activate our complex motion detectors. The results of Experiment 2 show that this is not the case: speed discrimination thresholds show no systematic variation with type of optic flow stimulus.
The speed discrimination thresholds for optic flow measured in Experiment 2 are in the range of 3-5%, similar to those reported for translational stimuli (McKee, 1981; De Bruyn & Orban, 1988) . Studies by Sekuler (1992) and Bex et al. (1998) have shown that speed discrimination thresholds are similar for radial, rotational and translational motion. However, there is psychophysical and physiological evidence for global motion detectors tuned to translational motion (Duffy & Wurtz, 1991a,b; Morrone et al., 1995) . Speed discrimination in translational stimuli is thus not necessarily due only to local motion processing. To investigate whether speed discrimination in complex motion patterns is mediated by pooling the outputs of local motion detectors, as proposed by Sekuler (1992) , or whether complex motion detectors are involved, we designed control stimuli in which the speed of motion was locally identical to that of the complex motion stimuli but in which direction was randomised. In the fixed random trajectory (FRT) stimulus, dots moved in a single (randomly assigned) direction throughout their lifetimes, while in the random walk (RW) stimulus, dot direction was reassigned randomly on a frame-by-frame basis.
Speed discrimination thresholds for the FRT are no higher than for the optic flow stimuli (see Fig. 4 ). Since the fixed random trajectory controls are matched for speed with the optic flow stimuli, but contain no pattern of directional information, this suggests that information on the global pattern of direction motion provided by complex motion detectors is not used in tasks of speed discrimination. The speed discrimination thresholds for the RW stimuli are higher than for FRT and the optical flow stimuli, presumably because the rapid changes in direction of the dots in the RW stimuli (every 13 ms) allow only very limited temporal integration. In the random speed controls, the overall speed distribution of the dots is the same as in the optic flow stimuli but their positions are random over space rather than in accord with a global speed gradient. The higher speed discrimination thresholds for random speed stimuli show that the presence of a speed gradient within the stimulus facilitates speed discrimination.
How might the presence of a speed gradient facilitate speed discrimination? One difference between the speed gradient and random speed stimuli is that, in the presence of a speed gradient, the speed of a dot at any given location is precisely defined. This in turn means that the speed of a dot at any given location defines the speed of the stimulus as a whole. In the presence of a speed gradient, the speed discrimination task could in principle be carried out by comparing the speed of motion in a small region of the stimulus. In the random speed stimuli, dot speeds are ascribed randomly without regard to dot position, so the relative speeds of dots at corresponding locations in a stimulus pair are only loosely related to the relative speeds of the two stimuli as a whole. Since speed is no longer correlated with radial position, comparisons based on a small region are not sufficient for accurate speed discrimination. In order to extract the most accurate possible speed estimate from a random speed stimulus it would be necessary to pool information across the entire stimulus. However, unpublished data from this laboratory show that, even in the presence of a speed gradient, performance on the speed discrimination task improves with increasing stimulus area up to at least half of that used here. This suggests that speed discrimination for stimuli containing a speed gradient is not limited to comparisons within a small region. Thus the increased speed discrimination thresholds in the absence of a speed gradient cannot be attributed to a limit on the extent of spatial pooling of local motion signals.
An alternative explanation of the fact that speed discrimination thresholds are lower in the presence of a speed gradient is that local motion signals might be pooled in such a way that stimuli containing speed gradients produce a more homogeneous distribution of signals at the pooling stage. It is known that the receptive field sizes of direction-selective cells in primate visual cortex increase as a function of eccentricity (Albright & Desimone, 1987) , and psychophysical studies have shown that aspects of human motion perception scale in a corresponding manner (van der Grind, van Doorn & Koenderink, 1983) . Harris, Freeman and Tyler (1994) found that estimates of the temporal proximity of random dot patterns were more accurate in the presence of radial speed gradients than when they were removed. If the spatial but not the temporal properties of motion detectors scale with eccentricity, then detectors at different retinal eccentricities will respond with similar intensity when presented with stimuli containing a speed gradient. Such an architecture would be wellsuited to calculating the temporal proximity or time-tocontact of looming objects without first computing speed explicitly (Lee, 1980) , and would be consistent with the results of Harris et al. (1994) . In the context of Experiment 2, stimuli containing a radial speed gradient would excite motion detectors at different eccentricities to the same degree, while the response to random speed stimuli would vary with eccentricity. The distribution of signal strengths in the random speed case would then be much broader, making discrimination of stimuli with similar speeds correspondingly harder.
We propose that the discrimination of speed in optic flow stimuli is neither mediated by complex motion detectors per se, nor based on local estimates of speed, but depends instead upon the pooled responses of elementary motion detectors. To draw this conclusion is not, of course, to deny the existence of complex motion detectors, but simply to suggest that they do not mediate speed discrimination. Motion-sensitive mechanisms are known to exist at many levels of the visual system (see Snowden (1994) for a review), and Experiment 2 suggests that speed discriminations can be made accurately on the basis of responses early in the motion processing hierarchy. Is it possible that different areas of the brain mediate the perception and discrimination of speed? If we are to reconcile the neural response bias hypothesis for perceived speed with the results of Experiment 2, then this would suggest that the mechanisms which mediate speed discrimination are distinct from, and prior in the motion hierarchy to, complex motion detectors in the human visual system. Alternatively, perhaps differences in perceived speed across optic flows are related to our perception of motion-in-depth in certain complex motion patterns (Bex & Makous, 1997; Bex et al., 1998) . Global motion patterns such as expansions are projected onto our retinas as we move through the world. Commonly, an expanding optic flow field will correspond not to an object physically deforming in front of our eyes, but to a rigid object approaching us or which we are approaching. If observers base their judgments of perceived speed on the visual interpretation of motion in a 3-D environment, rather than on its 2-D retinal projection, then different interpretations of optic flows in terms of motion-in-depth will give rise to differences in perceived speed.
How do our visual systems distinguish between rigid objects moving in depth and objects deforming physically? It has been shown by Stone (1995, 1996) that speed discrimination appears to depend upon the parsing of the stimulus in terms of objects. Perhaps the perception of depth-from-motion is due to the parsing of retinotopic motion information by higher-level mechanisms tuned to patterns of global motion (De Bruyn & Orban, 1990) . If the optic flow has a radial component, then this could be due either to motion-in-depth or to deformations of objects in the visual scene. In the experiments conducted here, the visual environment is relatively impoverished (white dots moving on a grey screen in a darkened room) and offers only minimal cues as to the most appropriate interpretation of the pattern of optic flow at the retina due to the dots' motion: is there a fixed pattern of dots moving relative to us in depth, or is there an expanding pattern of dots at a fixed distance from us? These are the two extremes in a continuum of possible interpretations consistent with the retinal positions and motions of the dots (Fig. 6) . When we view a radial motion stimulus, we certainly perceive it as moving in depth, but at the same time we also perceive the dot pattern expanding or contracting in the plane of the stimulus. We suggest that, in such cases, the pattern of motion is interpreted such that it satisfies as closely as possible two interdependent constraints: (a) a minimum motionin-depth constraint; (b) a minimum object deformation constraint. Constraint (a) can be thought of as an a priori disposition to see a uniform grey field as static rather than moving in depth, and constraint (b) as a tendency to see objects in the world moving rigidly rather than deforming.
The joint minimisation of the departure from a minimum motion-in-depth constraint and a constraint on deformation (non-rigidity) within the plane of the stimulus can be set up as the minimisation of a cost function, H, given by:
where z is the distance of the screen from the observer and Dz is the perceived change in depth in a time Dt. The value of h p corresponds to the perceived scaling of the stimulus between frames (h p \ 1 for expansion within the plane of the stimulus; h p B 1 for contraction; h p = 1 for rigidity, i.e. no deformation within the For example: the dot may be perceived to be moving in the plane of the display, corresponding to its actual motion; the dot could in principle be perceived as moving perpendicularly out of the screen towards the observer; the perceived motion of the dot may involve components both within and perpendicular to the screen. We propose that perceived stimulus speed corresponds to the length of the perceived dot trajectory in 3-D space, with longer arrows in the diagram representing faster speeds. Which trajectory and speed are actually perceived depends upon the way in which the retinal image is interpreted based upon implicit constraints in our visual systems. plane). The parameter u determines the relative weighting attached to the two constraints. If u= 1, motion-indepth is penalised strongly while deformation within the plane has a zero weighting, so the motion of the dot patterns will always be seen within the plane of the stimulus with no depth component. If u= 0, motion-indepth will have zero cost and so the dot patterns will always be seen as moving rigidly (h p = 1) even if that corresponds to a very rapid motion-in-depth.
We investigated what this simple constraint satisfaction equation would predict to be the perceived motionin-depth and deformation, and hence the perceived speed, of our random dot stimuli as a function of the free parameter, u. The cost function, H, is minimised by setting:
Details of the solution to Eq. (2) are given in Appendix B. Fig. 7(a) shows plots of the predicted perceived speed as a function of the u parameter for the five types of optic flow stimuli from the experiments at the faster base speed (21.3 deg s − 1 mean speed). For all values of u less than 0.96, the elaborated motion-in-depth hypothesis based on the constraint satisfaction equation predicts that expanding motions will be perceived as faster than corresponding contracting motions, and radial motions as faster than spirals, with rotations perceived as slowest of all. To assess whether the model provides a good fit to the subject data, we found the best fit u value for each data point in Experiment 1. While we might expect the relative weighting attached to constraints of object rigidity and motion-in-depth to vary from subject to subject, we would want the best-fit u values for a given subject to remain the same across optic flow types and base speeds.
The best-fit u values for the data in Experiment 1 are given in Table 1 . All the fitted values for u lie in the range 0.90 9 0.03, with the exception of CC's expand- Table 1 Best-fitting values of the model parameter u (as defined in Eq. (1) ing spiral data at the slower speed (u = 0.85), although it should be noted that it was not possible to fit SB's contracting spiral data as it fell outside the range of model predictions. Fig. 7(b) . The fact that the fitted u values for the subject data are clustered around 0.9 suggests that, under these experimental conditions at least, constraints primarily on motion-indepth and to a lesser extent on object rigidity influence the way in which motion with a radial component is interpreted.
Conclusion
The results of Experiment 1 show that the perceived speed of complex motion stimuli depends upon the pattern of global motion, while the speed discrimination thresholds measured in Experiment 2 do not depend on the type of complex motion. We find that the perceived speed results are more easily accounted for by a model satisfying simultaneous constraints on motion-in-depth and object rigidity than by the hypothesis that they are a perceptual correlate of a possible bias toward expansions in the tuning of complex motion detectors in the human visual system. Speed discrimination thresholds for complex motions containing a global pattern of direction information and a radial speed gradient were found to be no lower than for stimuli with identical speed profiles but no global pattern of direction information, suggesting that speed discrimination is based on the pooled responses of elementary motion detectors. r ; q:
where is the flow angle of the motion in optical flow space and determines the speed of the motion. In the case where = 990°, the equation defines a pure rotation with an angular speed of . For radial motions (expansion: =0°; contraction: = 180°) speed is proportional to distance from the origin.
We implement complex motion using patterns of dots initially positioned randomly within the stimulus aperture. For each dot, we must calculate its position in the following frame. where r t is the distance of the dot from the origin at time Dt after it was at r 0 .
Similarly, for the angular position, q t , Eq. (1) gives:
q t = q 0 + Dt sin (A7) Eqs. (A4) and (A7) define the motion of any given dot under a complex motion specified in terms of its flow angle, , and the speed parameter, . To calculate the new position of the dot after one frame of an image sequence, we simply set Dt = 1. In order to implement the complex motion on a computer monitor we must transform to Cartesian co-ordinates. To simplify the transformation, note that Eq. (A4) defines an enlargement about the origin. In Cartesian co-ordinates, the equation for an enlargement is:
where h is the scale factor. Rotation by an angle, i, about the origin is given by: 
This expression determines the position of each dot after each frame of the image sequence.
A.2. Wraparound and maintaining constant dot density
In our computer implementation, the position of each dot after each frame is determined by the following steps:
(1) Motion: calculate the position of the dot after motion.
(2) Wraparound: check if dot is still inside stimulus aperture. If not, reposition according to wraparound procedure.
A.3. Wraparound procedure:
The stimulus aperture we use is an annulus with an outer radius of 12°and an inner radius of 2°. During expansion all dots move away from the focus of expansion. This will cause some dots to fall outside of the stimulus aperture. Conversely, during contraction some dots will fall inside the inner ring of the annulus. In order to maintain a constant density of dots within the stimulus aperture, these dots must be repositioned inside the annulus. We term this repositioning process 'wraparound'. It is important to maintain a constant density of dots across the stimulus in order to avoid artifactual cues of stimulus density which might influence the psychophysical decisions subjects are required to make. Here we describe the procedure used to wrap dots which fall outside the stimulus during expansion. To generate contracting stimuli, we use an identical procedure and then run the image sequence backwards.
In the first frame of the stimulus, the dots are positioned randomly within the stimulus aperture so that the expected density of dots per unit area is uniform across the stimulus. Fig. 8 schematically shows the expected distribution of dots within the stimulus as a function of distance from the centre of the aperture.
For the first frame of the stimulus, the number of dots is given by the total area of regions A, B and C. We see that the number of dots increases linearly with distance from the centre (since the area of an annulus of width dr is 2yr dr) for all values within the stimulus aperture.
The expansive component of motion corresponds to a rescaling of the abscissa in the diagram, which can be visualised as stretching the expected dot distribution in all directions away from the centre of the stimulus. Hence, after one frame of motion, the expected distribution of dots is given by the union of regions C and D. However, region D lies outside the stimulus aperture. In order to maintain the initial dot distribution, it is necessary to reposition the dots in region D to replace those which have left regions A and B.
First we must calculate the relative areas of regions A and B, so that we determine the probability that a dot from region D should be repositioned in one as opposed to the other. Let the slope of the initial dot distribution be m 0 , and that after motion be m 1 . Then the area of region A is given by:
and that of region B by:
If the dot distribution is rescaled between frames by a factor h, then:
and S=h R min (A16)
A dot from region D should be repositioned in region A with probability, p(A), given by:
which solves to:
and in region B with probability p(B)= 1− p(A). Once we have determined in which region a dot is to be repositioned, we then have to calculate its new location within that region. This is achieved by choosing a position at random from the relevant region. However, the required distribution of dots is not uniform with respect to distance from the centre of the aperture, so we must transform the pseudorandom number we obtain from the computer's random number generator according to the fundamental transformation law of probabilities (Press, Flannery, Teukolsky & VetFig. 8 . Schematic diagram of the distribution of dots in the stimulus as a function of distance from the centre of motion. Initially, dots are distributed uniformly over area, hence linearly with radius between the inner and outer apertures of the stimulus (R min and R max ). The initial dot distribution corresponds to the union of regions A, B and C. One frame of motion with an expanding component corresponds to a rescaling of the abscissa. The effects of rescaling are 3-fold: (1) region A near the inner aperture is evacuated of dots; (2) the dot density of the remainder of the stimulus decreases by a certain factor; (3) some dots are repositioned outside the outer aperture (region D). To maintain constant dot density, dots falling outside the stimulus aperture (i.e. in region D) must be repositioned in regions A and B. Details of the 'wraparound' procedure for repositioning dots are given in the text of Appendix A. Note that to generate stimuli with a contracting component, the above procedure was employed and the kinematograms then run backwards.
terling, 1988). For region A, the new position of the dot, (R A , q A ), is given by:
where X is a random deviate uniform over the range 0 to 1, and for region B:
The angular position, q A or q B , of wrapped-around dots is selected randomly from a uniform distribution (0, 360).
Appendix B. Modelling the perceived speed of complex motions
B.1. Calculating the mean speed of complex motion stimuli
Let there be N dots each moving with velocity v i in a complex motion stimulus. The speed of each dot, 6 i , is simply the magnitude of v i , v i . The mean speed of dot motion in the stimulus is given by:
Let r denote distance from the centre of motion of the stimulus. If the dot positions are drawn from a probability distribution uniform over angle, f(r), and dot speed is a function only of radius, then the expected value of the mean dot speed is:
In order for the expected dot density to be uniform over area, f(r) must increase linearly with radius ( f(r) 8 r). For optic flow stimuli, dot speed is also proportional to radius (6(r) = r) where is the angular speed of the stimulus. For f(r) 8r, 6(r) = r, Eq. (B2) solves to: 
B.2. Percei6ed speed and motion-in-depth
Let us now consider the case where a complex motion stimulus is seen to move both in the plane of the stimulus and in depth relative to the observer. Let the distance of the screen from the observer be z, and the perceived speed of motion in the plane be u p (r) =% r. If the plane of the stimulus is perpendicular to the line of sight of the observer, then the speed of a dot is consistent with its motion in the plane and in depth, 6 p (r), is given by:
where the dot denotes differentiation with respect to time.
Replacing 6(r) with 6 p (r) in Eq. (B2), and substituting in the expression for 6 p (r) given in Eq. (B4) allows us to obtain an expression for the expected mean perceived speed of the dot stimulus for a given perceived angular speed of motion-in-the-plane, %, and perceived motion-in-depth. The resulting expression is: 
B.3. Satisfying joint constraints on object rigidity and motion-in-depth
To obtain predictions of perceived speed using Eq. (B5), we first need values for the perceived angular speed of motion-in-the-plane and the perceived motionin-depth. We already have one expression (Eq. (1)) linking perceived motion-in-depth (Dz) with perceived motion-in-the-plane (h p ) through a joint constraint satisfaction. We can also relate Dz and h p through the geometry of image formation, allowing us to solve for the values of both. The geometrical constraint we use, which we term the line-of-sight constraint, is that the perceived position in 3-D space of any given dot in the random dot pattern must lie along the line of sight from the observer to the dot's actual position (see Fig.  6 ).
Let h be the scale factor of the enlargement of the dot pattern between frames (see Eq. (A8) 
We can define the perceived motion-in-the-plane similarly as:
where h p and i p are the perceived enlargement and rotation within the plane, respectively. Since the rotational motion of the dot pattern cannot be interpreted as motion-in-depth, we assume it is perceived veridi-
